In this work, P-and N-MOSFETs (Metal Oxide Semiconductor Field Effect Transistor) were submitted to X-ray and ion beams. CD 4007, a commercial off-the-shelf integrated circuit composed of six transistors, three P-type and three N-type, in a single package, was used. The integrated circuits were exposed to 60 MeV 35 Cl ion beams using the São Paulo 8UD Pelletron Accelerator and 10 keV X-ray radiation, using a Shimadzu XRD-7000 X-ray diffractometer. The total dose effects due to ionizing radiation in MOSFET were analyzed. The results indicate V th depends on the absorbed dose and dose rate. The deviation of V th is higher for P-MOS, while the change in slope is higher for N-MOS. TID (Total Ionizing Dose) caused by heavy ion does not seem to affect mobility. After heat treatment, the device establishes a different equilibrium state compared to that achieved at room temperature. The heat treatment worsens the P-type characteristics and improves the N-type.
3 study was carried out in order to investigate the behavior of the trapped charges when activated by temperature. The DUTs were exposed to 10-keV X-ray and to 60-MeV 35 Cl ion beams. The 10-keV X-ray generates secondary electrons with a range of 500 nm, comparable to the field oxide thickness. 
2.Methodology
Preparation of the devices consisted mainly in removing the epoxy layer that protects the device, reducing any interference this could have on the absorbed dose. The removal was done by etching the surface of the package with a mixture of sulphuric and nitric acids until the die were revealed. Besides, this process also allows the heavy ions to reach sensitive parts of the device. Figure 2 shows the decapsulated devices prior to irradiation.
Electrical characterizations were performed always under the same conditions using a Keithley SCS 4200 parameter analyzer. With this equipment, we obtained I D x V GS characteristic curves of current between source and drain I D as a function of gate voltage V GS . It was determined empirically that a state of essentially permanent damage due to radiation was achieved after room-temperature annealing for about six days, i.e. the electrical characteristics of the devices settled to a steady state six days after each round of irradiation. Therefore, all electrical characterizations were performed with the devices in this steady state.
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Marcilei A. G. da Silveira 4 Figure 2 . Decapsulated CD4007 ready to be exposed to radiation.
For the extraction of the N-MOS threshold voltage, a voltage of 100 mV between drain and source was applied. We varied the gate voltage from -0.5 V to 4 V in steps of 15 mV. For the extraction of the P-MOS threshold voltage, the voltage between drain and source was -100 mV. We varied the voltage between gate and source of -0.1 to -5.1 V. The method for determining the threshold voltage was the second derivative of I D x V GS curve [5, 6] .
X Ray irradiation
The DUTs that are contained in IC CD4007 were exposed unbiased to a 10-keV effective energy X ray beam in a Shimadzu XRD-7000 X-ray diffractometer. In this irradiation process, two different dose rate were used, 46 rad/s, and 96 rad/s. The irradiation period was controlled in order that the total doses absorbed by the devices were 100 krad, 150 krad, 250 krad, and 500 krad with both dose rates. The samples were held 10 cm away from the beam source to ensure homogeneity in the area to be irradiated. The dose rate was estimated by measuring exposure by an ionization chamber.
Electrical characterization of the irradiated devices were made only after they reached a steady state of radiation induced damage, as described earlier. Figure 3 shows the behavior of the threshold voltage shift as a function of time after irradiation for a N-type MOSFET, for two different dose rates with total dose of 26 krad(Si). Immediately after irradiation, there is a significant shift in the threshold voltage, but the shift tends to decrease over the days reaching a steady state after a week, approximately. The P-type MOSFETs showed the same behavior for the two dose rates used in this study. The results obtained with the irradiation of 26 krad were only used to define the parameters of tests to study the devices.
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60 MeV 35 Cl ion beams
In order to observe the damage due to the total ionizing dose accumulated in a process of interaction of heavy ions with the device, and compare with the damage from ionizing electromagnetic radiation, the IC CD 4007 was exposed to 60 MeV
35
Cl ion beam, with 15 rad/s (Si) dose rate, accumulated up to 80 krad. With this energy, the range of the chlorine ions on Si is 15 m. The chlorine ions were accelerated in a 8 MV Pelletron Accelerator of the São Paulo University, Brazil [7, 8] . To ensure that the observations would be comparables with those performed with X-ray irradiation, electrical characterization was also performed only after the devices have reached a steady state of radiation induced damage.
Results and Discussion
The results obtained in the analysis for the behavior of MOSFET devices show the influence of dose rate and cumulative dose in P and N type. Figure 4 shows the I D x V GS characteristic curves of the N-type and of the P-type MOSFETs submitted to X-ray radiation with increasing total ionizing dose, and submitted to heavy ions (80 krad (Si)). For the P-type MOSFET, the current decreases monotonically as the total ionizing dose increases, voltage threshold V th becomes more and more negative but the subthreshold swing is little affected, signaling just a small change in the carriers mobilities. For the N-type MOSFET, the situation is very different: while the subthreshold swing shifts significantly, indicating a modification in the carriers mobilities, the threshold voltage presents a noticeable negative shift at small dose; then, at larger dose, the absolute value of the threshold PoS(X LASNPA)077
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Marcilei A. G. da Silveira   6 voltage shift starts to diminish. This behavior is interpreted as the buildup of positive charge in the deep traps in the oxide near the Si-SiO 2 interface followed by the loading of the interface traps. Figure 4 also shows characteristic curves obtained irradiating the devices with a 60 MeV 35 Cl ion beam. It is possible to observe a change in V th but no change in subthreshold swing for the N-type devices; for the P-type, only a small change in V th is noticeable. Considering the curves for the 80-krad total dose generated by the ion beam and the 100-krad total dose generated by X-ray, we note that the parametric changes produced by the ion beam irradiation is less marked than the parametric changes induced by X-ray irradiation. This could be an artifact arising from the slightly smaller dose accumulated using the ion beam or it could hint at a differential damage effectiveness of the irradiation processes. Table 1 shows the values of the threshold voltage obtained before and after each irradiation testing. 
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Marcilei A. G. da Silveira 7 Figure 5 summarizes the observations made earlier regarding the voltage threshold shifts. The different behavior of the N-and P-type MOSFETs may be clearly seen. Regarding the effects of the dose rates, it may be said that there is no clear difference between the voltage threshold shifts in the P-type case for any of the total ionizing doses used. Increasing cumulative radiation dose, the threshold voltage in P-MOS devices becomes increasingly negative, indicating that regardless of the trapped charges are predominantly in the oxide or at the interface, the current in the conduction channel always decreases. This is explained by the fact that charge carriers have the same sign of the trapped charges. It is also observed that the dose rate affects little the threshold voltage shift. On the other hand, the N-MOS devices showed a negative trend curve for the deviation in the threshold voltage of up to 150 krad for the lower dose rate. For a dose rate of 96 rad/s(Si), this trend remained up to 250 krad accumulated. The responsible for the decrease in threshold voltage with the increase of the 8 total dose is the trapping of positive charge in the oxide changing the electric field of the gate, increasing the conduction current in the transistor channel. With the increase of the accumulated dose for N-MOS devices, there is a rebound in behavior at the threshold voltage in 250 krad to 46 rad/s(Si) and 500 krad to 96 rad/s(Si). In this case, positive charges are predominantly trapped in the interface between oxide/Si, attracting negative carriers to be recombined or trapped in the same interface. These results indicate that, using the lowest dose rate, total ionizing dose provides a less number of electron-hole recombination resulting in a greater effect of radiation on the devices. This preliminary analysis shows that the dose rate is especially important for trapping mechanisms occurring in n-MOSFETs.
To investigate the behavior of the trapped charges when activated by temperature, the devices were submited to 10-keV X-ray using 96 rad/s(Si) dose rate. The results were compared with the parameters obtained for the devices that were not submitted to a stimulated heat treatment. In a first test, after the DUT having accumulated 100 krad, they were subjected to heat treatment at 100° C for one hour. In a second test, the same devices were subjected to 100° C for two hours after accumulating 250 krad, i.e., it was added a dose of 150 krad. The measurement of the drain corrent as a function of the gate voltage was performed immediately after the thermal treatment and also after one week, in each irradiation. The results, obtained after one week, are shown in Figure 6 , where it is possible to observe that the temperature not only accelerates the solid state device damage, but also interfere with the mechanisms of trapping charges. It is noted that the established balance, after heat treatment, is different than the equilibrium state achieved at room temperature. The results indicate that there was a recovery of the V th value for both the n-MOS and p-MOS devices.
For a better visualization of the results obtained with the thermal annealing, Table 2 presents the value of the threshold voltage (V th ) for the p and n-MOSFET measured before, immediately after, and seven days after each irradiation. The V th values measured immediately after and seven days after the thermal treatment, indicate that it is reached the stability of the damage due to TID effects after a heat treatment of 100 o C for two hours, suggesting the temperature accelerates the process to reach stability. Moreover, comparing the results with those obtained for the same cumulative doses on devices without thermal treatment (measurements in permanent damage state, seven days after irradiation, indicated by "Room Temperature" in Table 2 ), we can see that the temperature has really improved the characteristics of the N-MOSFET while the characteristics of the P-MOSFET are worsened.
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Marcilei A. G. da Silveira 9 Figure 6 . I D x V GS characteristic curves for p-and n-MOSFET devices, exposed to 96 rad/s dose rate with 10-keV X-rays, before and after thermal annealing. The results obtained after thermal annealing indicate there are holes trapped in traps that are activated with a temperature of 100 0 C. Thus, the holes which were in stable equilibrium, trapped in the oxide at room temperature, are targeted by the electric field to migrate to the interface traps between oxide and Si. This effect provokes further decrease of positive carrier current, by changing the threshold voltage of the P-MOS device.
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4.Conclusion
In this work, integrated circuits, CD4007, were exposed to 60 MeV
35
Cl ion beams using the São Paulo 8UD Pelletron Accelerator and 10-keV X-ray radiation, using a Shimadzu XRD-7000 X-ray diffractometer. Characteristic curves, in different irradiation conditions, for p and N-MOSFET transistors, were studied. The results indicate V th depends on the absorbed dose and dose rate. The deviation of the V th value is higher for P-MOS, while the change in slope is higher for N-MOS. TID (Total Ionizing Dose) caused by heavy ion does not seem to affect charge carriers mobility. After heat treatment, the device establishes a different equilibrium state compared to that achieved at room temperature. The heat treatment worsens the P-type and improves the N-type characteristics.
5.Acknowledgment

